A procedure for isolating bovine adipose cells was developed, and glucose and acetate metabolism and effects of insulin were studied.
Introduction
The importance of adipose tissue in maintaining energy homeostasis in nonruminants has been well recognized and studied. In ruminant animals, adipose tissue also is believed to fulfill a central role in energy metabolism. However, adipose tissue metabolism in ruminants has not been well studied. Because in nonruminants the major energy sources absorbed are glucose and long-chain fatty acids and ruminants energy supply is characterized by limited glucose and high entry of short-chain fatty acids, differences in adipose tissue metabolism between them are expected and experimental data from nonruminant studies cannot be readily extrapolated to ruminants (26, 3) . For these reasons, a detailed study of ruminant adipose tissue metabolism was appropriate.
The two major metabolic activities of adipose tissue are lipogenesis and lipolysis. In ruminants, adipose tissue is the primary site of de novo fatty acid synthesis (19) . Early in vitro work with ruminant liver and adipose tissue indicated that liver has a limited capacity for fatty acid synthesis and implied that adipose must be the major site of fatty acid synthesis in ruminants (3) . The function of insulin in regulating ruminant tissue metabolism has received little attention in the past, presumably, because blood glucose in adult ruminants is relatively constant and responses of plasma insulin to glucose loading and of plasma glucose to insulin injection are not as marked as in nonruminants. Recent studies indicate that insulin may be significant in regulation of ruminant metabolism. Insulin secretion has been stimulated by some ruminal shortchain fatty acids (6, 7) , and serum insulin has been higher in ruminants fed high concentrate compared to high roughage rations (28, 29) . Skarda (27) demonstrated that insulin in the presence of glucose greatly increased acetate incorporation into fatty acids in vitro by adipose tissue from young goats. Insulin did not significantly affect glucose metabolism in absence of acetate (4) . From this and other studies, insulin evidently fulfills an important role in regulation of ruminant adipose metabolism and, as a result, in ruminant lipogenesis. In view of limited data regarding ruminant adipose metabolism and actions of insulin, additional studies were warranted.
Purposes of our experiments were to extend knowledge of acetate and glucose metabolism and lipogenesis in ruminant adipose ceils and study effects of insulin and changes in extracellular nutrient concentrations on adipoeyte metabolism. A method for preparation of isolated bovine adipose ceils was developed.
Comparison of metabolic activities and insulin responses of isolated cells and tissue slices indicated that isolated cells were best for detailed studies of adipose cell metabolism. Therefore, isolated cells were used in all subsequent stages of the study.
Experimental Procedures
Tissue sampling. Adipose tissue adhering to the body wall adjacent to the trachea in the anterior part of thoracic cavities of finishing steers was sampled immediately after animals were slaughtered. Tissues were transported to the laboratory in warm (38 C) physiological saline and processed within 30 min after slaughtering. Visible blood vessels and connective tissue were trimmed out and the fairly TABLE 1. Composition o{ media used for adipose cell isolation and incubation.
Basal composition
Krebs-Ringer bicarbonate buffer ~ 90 ml Bovine serum albumin (fraction V) 4 g Amino-acid mixture b 10 ml Glucose 45 mg Acetate 16 mg Collangenase 4 X 10' unit Others aWith one-half of recommended calcium concentration. The buffer was saturated with 95~; 02, 5~ CO~ mixed gas prior to use. bl00 ml of amino acid mixture contained 300 mg casein hydrolysate, 10 mg tryptophane, 10 mg methionine. Dispersion medium: composed of all ingredients. Washing medium: omit glucose, acetate, and collagenase. Metabolic incubation medium: omit collagenase. Substrates were added as desired in each experiment. dean fat lobes obtained were used for tissue slices, enzyme assays, and preparation of isolated cells.
Procedures for fat cell dispersion and isola-
tion. Bovine fat cells were prepared by method of Rodbell (25) with modification. Trimmed adipose tissues were minced with scissors, and 15 g of minced tissue were placed in a 150-ml Erlenmeyer flask with 35 ml of dispersion medium (Table 1) . Cell dispersion was under an atmosphere of 95~ 02 and 5% COs at 38 C in a Dubnoff metabolic shaker set at 60 cycles per rain. Tissues usually started to dissociate rapidly after 30 rain of incubation. At the end of 1 hr of incubation, the flask was removed from the shaker and the contents were gently stirred with a plastic rod to facilitate cell release from remaining tissue segments. Contents of the flask were passed through a nylon mesh filter into a 50-ml plastic centrifuge tube. Tissue segments on the filter were washed once with 15 ml warm washing medium ( Table 1 ). The dissociated cell suspension was centrifuged at room temperature in a swing head clinical centrifuge for 1 rain at 80 X g. Medium below the fat cells and containing stroma cells and blood vessels was removed with syringe fitted with a long needle. The lightly packed fat cells were resuspended in 35 ml of warm washing medium. Fat drops from broken cells, which floated rapidly to the top, were removed and the cell suspension was centrifuged again for 30 see. Washing was repeated four times and the final washed cell suspension was adjusted to approximately 10 times packed cell volume. Unless otherwise indicated, adipose cells in each experiment were prepared from pooled tissue samples from five animals.
Bovine adipose tissue deteriorates rapidly at temperatures below body temperature (eve~ at room temperature). Isolated adipocytes are extremely fragile, probably due to the characteristic high melting point of ruminant fat and high cellular triglyceride contents which increase cell membrane tension. For successful cell preparation, the temperature must always be maintained at 38 C. Excess physical trauma such as high speed centrffugation and vigorous stirring must be avoided. All glassware must be ~reshly siliconized. Bacterial eollagenase preparations containing varying amounts of protease which greatly affect cell preparations. One lot of collagenase which was carefully tested and satisfactory was used for all our experiments.With the procedure, cell yields were 20 to 30fg based on triglyceride recovery.
Bovine adipocytes are considerably larger than rat adipocytes. Cell size was uniform. All cells were near-perfect spheres after isolation. Nuclei sometimes could be observed under a phase contrast microscope by manipulating the focus. Final cell suspensions contained small amounts of fat drops. Few free nuclei were present.
Low densities of bovine fat cells pose difficulties in delivering small volumes of homogeneous cell suspension. Delivery of cell suspension was accomplished with a pipette prepared as follows: a 5-ml delivery graduated glass pipette was cut off at the 4.5 ml mark, the opening of the tip was widened slightly over a gas burner, and the pipette was siliconized and affixed to a 10-ml disposable plastic syringe. The cell suspension in a 150-ml flask was gently stirred with this delivery pipette, removed with help of the syringe, and distributed into incubation vessels. By this method, the range of variation in triplicated samples usually was within 10% of the mean in x4C-ghlcose incorporation experiments.
Tissue slices preparation. Tissue slices were prepared with a Stadie-Riggs hand microtome. For incubation studies, 100 to 150 mg of tissue slices were used per flask with 2 ml of incubation medium.
Incubation procedure. Most incubations were in 25-mi Erlenmeyer flasks fitted with self-sealed rubber septum stoppers. A plastic center well with a piece of filter paper (.5X-1.5 cm) was attached to the stopper which would hang over the incubation medium. One milliliter of cell suspension was delivered into the flask containing 1 ml of incubation medium having desired amounts of substrates, hormones, etc. Flasks were flushed with a gas mixture of 95% 02 and 5% CO2, capped, and incubated in a metabolic shaker at 38 C and set at 30 cycles per min. At the end of incubation, flasks were chilled in an ice bath. To collect 44CO2, .25 ml of hydroxy-hyamine (Packard) was injected into the center well, CO2 was liberated from the incubation medium bv addition of .5 ml HzSO4 (1.0 N), and the flas]< was placed in the metabolic shaker for 25 min. Following collection of CO2, total lipids were extracted by method of Dole (13) . A fraction of the lipid was dried for counting and the remainder was saponified in ethanolic KOH. After acidification with HC1, fatty acids were extracted with hexane and dried for counting. Radio-activities in air dried lipid extracts and whole center well content (14CO2) were determined with .4% Omniflour (New Eng-land Nuclear Co.) in toluene in a liquid scintillation spectrometer (Tri-Carb, Packard). Glyceride glycerol radioactivity was the difference between counts in total lipids and in fatty acids (13) . Substrate conversions were calculated from initial substrate specific radioactivities and radioactivities of products. In each set of experiments, zero time blanks were included, and metabolic activities were expressed based on milligrams extractable or soluble protein (.14 N KC1).
Analytic methods. To remove bovine serum albumin from cell suspensions, 5 ml of cell suspension were washed six times with 10 ml of warm KC1 (.14 N) solution in a siliconized graduated test tube. Due to their low density, fat cells float to the top of saline solution in 3 to 4 rain without centrffugation. Protein content and enzyme activity recoveries after steps of washing indicated that albumin contamination was minimal after five successive washings and no significant cell breakage occurred during washing ( aFat ceils from 5 ml cell suspension were repeatedly washed with 10 ml of .14 N KC1 (38 C) as described in methods and materials section. Washed cells were homogenized in 5.0 ml of .14 N KC[ and centrifuged at 30,000 X g for 20 minutes. Clear extracts were used for protein and enzyme assays. Enzyme activities expressed as mlzmole substrate converted per minute per mg protein. 
Specific .materials. Insulin (regular 40 U)
was purchased from Eli Lilly Co. Bacterial Collagenase (lot CIS, OLE, 133 units per rag) was purchased from Worthington Chemical Co. Bovine serum albumin (fraction V) was purchased from Nutritional Biochem. Co. Carbon-14 labeled glucose and acetate were purchased from New England Nuclear Co.
Results and Discussion
Under standard incubation conditions, rates of glucose oxidation and conversion to lipid were linear with time. Responsiveness to insulin also was maintained during 3 hr incubations ( Fig. 1) , indicating that little cell breakage or membrane damage occurs during incubation. Broken cells utilized little glucose Fic. 2. Relation of cell concentration and conversion of glucose to carbon dioxide. Fat cells isolated from pooled adipose tissues of steers were diluted differently with incubation medium containing gluoose-UJ4C (2.5 raM). Five ml of cell suspensions incubated in triplicate for 120 rain at 38 C. Each point is the mean _ SEM (n----3).
under similar incubation conditions (Table 3) . Rates of glucose oxidation were proportional to concentrations of cells in the range tested (Fig. 2) . In subsequent experiments all cell concentrations were adjusted within this range.
Conversions of labeled glucose and acetate Fat cells isolated from pooled tissues of steers were incubated in 2 ml of medium containing glucose-U-~4C (1.25 raM) with different concentrations of insulin for 120 min at 38 C. Each point is the mean _ SEM (n = 3).
to CO 2 and lipid by isolated fat cells, thin slices of adipose tissue, and cell homogenates were compared. Cell homogenates were prepared by vigorously agitating isolated fat cells in a nonsfliconized test tube on a vortex mixer.
Results are in Table 3 . Based on unit protein content, basal glucose and acetate utilization rates in isolated fat cells were three times higherthan in tissue slices. When data were expressed on triglyceride content, differences were much less. This presumably is due to contaminating nonactive protein in tissue slices. Both slices and isolated cells responded to insulin. The stimulatory effect of insulin was higher in isolated ceils than in tissue slices, possibly due to limitations in penetration of insulin and metabolites in tissue slices. Substrate utilization rates by cell homogenates were low. The apparent insulin stimulation may indicate incomplete breakage of cells. Therefore, actual activity of homogenates might even be lower.
A typical insulin dose response curve is in Fig. 3 . Isolated ceils were incubated with 1~C labeled glucose (1.25mM) and various concentrations of insulin. Glucose oxidation to CO~ and conversion to lipid were simultaneously stimulated by insulin. Maximum stimulation was approached at 5 m units insulin per ml; half maximum stimulations were at 60 /z units insulin per ml. The insulin responsiveness of adult bovine adipose tissue has not been reported before. Insulin dose response curves for adipose tissues from young goats based on measurement of insulin stimulated fatty acid synthesis from acetate in presence of glucose have been reported (4, 27) . The insulin concentrations required for maximum and half maximum stimulation were close to values reported here for adult bovine adipocytes.
Effect of increasing medium glucose concentrations on glucose utilization is represented in Fig. 4 . At low glucose concentrations, glucose utilization rate increased rapidly with increasing glucose concentrations. CO2 production tended to level off when medium glucose concentration reached 1.25 mM. Glyceride glycerol synthesis continued to increase with increasing glucose concentration but rate of increase was smaller at higher glucose concentrations. Insulin stimulation was greatest at low glucose concentrations. These results are consistent with those reported for young goats (4) .
The reciprocal plot of 14COu production vs. medium glucose concentration in (glucose concentration required for 16 maximum oxidation rate) but did not affect maximum oxidation rate. A similar plot (Fig. 6) for lipid synthesis indicates a break point at 2.5 mM glucose in the medium. At low glucose concentrations a higher Vmax and lower Kt are indicated than at high glucose concentrations. Addition of insulin lowered the apparent Kt's at both high and low concentrations and increased the Vmax indicated by low glucose concentrations. The biphasic phenomenon may indicate discontinuous effect of glucose uptake on lipogenesis. Insulin may have effects on lipogenesis from glucose in addition to promoting glucose cross-membrane transport. Glucose carbons incorporated into lipid were re-
3]
.sS' S" s ~'' covered predominantly in the glyeerideglycerol fraction. Less than 5% of lipid-l*C formed from glucose was recovered in fatty acid. Considerable fatty acid re-esterification apparently occurs in bovine adipose cells.
Acetate utilization in presence of different concentrations of glucose is in Fig. 7 . Acetate oxidation and conversion to lipid was low in the absence of glucose. Glucose, at low concentration of .625 raM, greatly stimulated acetate utilization. The stimulation leveled off at a glucose concentrations of 2.5 mM and above. Addition of insulin augmented fatty acid synthesis from acetate at all glucose concentrations. Acetate oxidation was slightly increased by insulin only at low glucose concentrations. Data in Fig. 8 show that conversions of glucose to CO 2 and lipid were enhanced by insulin. Addition of acetate htrther increased glucose conversion. Acetate did not affect glucose conversion in absense of insulin.
These experiments demonstrate that acetate utilization in bovine adipose cells is greatly enhanced by glucose. Similar findings in ruminant mammary tissues have been reported (5). Ballard and Hanson (3) incubated ruminant adipose tissue in vitro with acetate and glucose separately, observed very low fatty acid synthesis from substrates, and concluded that ruminant tissues possessed limited lipogenic activity. Direct comparison of the present experimental results with their data is hindered by differences of tissue preparation, experimental conditions, and bases for expressing activities. However, the ratio of fatty acid synthesis from acetate and glucose was 3.7 in their experiment while in our study it was close to 100 suggesting that ]ipogenic capacity of ruminant adipose tissue under physiological conditions probably was underestimated in previous experiments.
Great increases in acetate oxidation and Fzc. 8. Effects of acetate and insulin on glucose conversion to carbon dioxide and lipid. From same experiment as described in Fig. 7 , glucose-U-14C was used as tracer and glucose conversions were calculated from incorporations of radio-activity into carbon dioxide and lipid. Each point is the mean of triplicated samples. Solid symbol, insulin; open symbol, no insulin. fatty acid synthesis in low concentrations of glucose may indicate need for Kreb's cycle intermediates for acetyl-CoA oxidation and NADPH and ~-glyceml phosphate for fatty acid and triglyceride synthesis. Glycogen contents in isolated bovine adipose cells are not known but are probably low.
Results of studies of glucose and acetate utilization rates with several combinations of substrates at different concentrations within the physiological range and with or without insulin are in Fig. 9, 10, and 11 .
Acetate utilization. Acetate oxidation in the presence of glucose increased with acetate coneentration in the medium. Addition of insulin did not significantly increase acetate oxidation rates. Fatty acid synthesis from acetate was low when acetate concentration in the medium was .5 mM. Addition of insulin or increasing glucose concentrations increased this rate. When acetate concentration was raised from .5 mM to 1.0 raM, fatty acid synthesis rate increased markedly at all glucose concentrations. Increasing glucose concentration from .625 mM to 1.25 mM or above stimulated fatty acid synthesis from 1.0 mM acetate. When acetate concentrations were increased further to 2.5 mM, basal and insulin stimulated fatty acid synthesis from acetate did not increase further at a glucose concentration of .625 mM. At higher glucose concentrations, insulin stimulated fatty acid synthesis rates with increasing acetate concentrations. Appreciable changes in basal rates were observed only when glucose concentration was 2.5 mM.
Glucose utilization. Glucose oxidation to CO 2 and conversion to lipid was stimulated markedly by insulin in all experiments. Increasing acetate concentrations only slightly increased glucose conversion.
Low fatty acid synthesis rate at low acetate concentrations seems to be limited not only by glucose availability but also by availability of acetate for fatty acid synthesis. At higher acetate concentrations glucose availability may become the limiting factor for fatty acid synthesis, a suggestion based on the fact that increasing glucose concentrations and insulin stimulated fatty acid synthesis from acetate.
The increase in glucose conversion to glyceride-glycerol due to acetate was relatively small as compared to the large change in rates of fatty acid synthesis from acetate. Glycerol required for esterification of newly synthesized fatty acids from acetate accounts only for a small fraction of glyeeride-glycerol formed from glucose in all experiments. This probably reflects a high rate of endogeneous free fatty acid re-esterification as in the absence of acetate.
Effects of acetate and insulin on patterns of glucose carbon flow were studied with speeiflcally labeled glucose. Results are in Table  4 . Values were percentage related to a basal value obtained with uniformly labeled glucose. The high ratio of glucose-l-l~C/glucose-6-x4C conversion to CO2 indicated that pentose phosphate pathway was very active even in the absence of fatty acid synthesis, Insulin greatly stimulated conversion of glucose to CO2 and triglyceride without changing glucose oxidation pattern. Addition of acetate only slightly increased the glucose-l-I*C/glucose-6-14C oxidation ratio even though active fatty acid synthesis was occurring. Comparison of relative effects of insulin, acetate, and eombina- tion of insulin and acetate indicates there were no significant interactions between acetate and insulin affecting oxidation pattern of glucose.
The higher Gle 2-14COJ6-~4CO2 ratio compared to Glc 2-z4COz/1-~*COe ratio in all experiments indicates intensive recycling of glucose carbons via the pentose cycle.
Attempts to calculate glucose carbon flow through pentose phosphate pathway from specific yields of glucose and products were hindered by the sum of glucose-6-z4C converted to lipid and CO 2 being much less than the sum for glucose-l-~4C. This is explained by data on glucose utilization in Table 5 . Unlike rat adipose tissue in which CO:2 production and lipid synthesis account for more than 85% of total glucose uptake (16), in bovine adipose cells the values were no more than 50%. The outflow of glucose carbons as lactate and pyruvate was extremely large as compared to rat tissue. As glucose supply is not abundant in ruminants and has to be conserved, this metabolic arrangement may have physiological merit. This would permit glucose, which enters adipose cells, to furnish required NADPH through the pentose pathway and ,-glycerol phosphate from both pentose and glycolytic pathways for lipid synthesis. If glucose carbons escaping these two points were directed out JOURNAL OF D^mY SCieNCe VOL. 56, No. 3 of cells in the form of lactate, lactate in turn could be taken up by the liver and converted to glucose. The basal lactate/pyruvate ratio was raised by insulin and depressed by acetate. Acetate did not alter this ratio in the presence of insulin. This is consistent with results of similar experiments with rat adipose tissue (10) . If lactate and pyruvate concentrations in the medium were in equilibrium with their intracellular concentrations, an altered laetate/pyruvate ratio may reflect changes in cytoplasmic free NADHJNAD + ratio. Krebs and Veech (20) and Denton et al. (12) suggested that glucose-flow through the EmbdenMeyerhof pathway may be controlled partly by the oxidative step catalyzed by glyceraldehyde phosphate dehydrogenase. Since this reaction is reversible and partly dependent upon the NADHJNAD ratio in cytoplasm, when the ratio is increased by addition of insulin, intracellular concentrations of metabolites preceding this step, e.g. dihydroxyacetone phosphate, may build up and thereby permit more glucose carbon to be diverted to glyceride-glycerol. In our experiment the change of lactate/pyruvate ratio was not correlated with the sum of specific yields of lactate and pyruvate from glucose, suggesting that under this experimental condition glucose carbon-flow may not be altered by NADHz/- Each value is the mean __-SEM (n=3). CO~ and lipid conversion were estimated from incorporation of radioactivity from glueose-U-14C in CO~ and lipid. Pyruvate and lactate were calculated from their final concentrations in the media. Perchloric acffl (.2 N) insoluble fraction (PCA ppt) values were calculated from incorporation of radioactivity from glucose-U-x4C into this fraction. Medium concentrations: Glucose-Ua4C, 2.5 mM; acetate, 5 mM; insulin, 10 munits per ml. Incubated at 38 C for 120 min.
NAD ratio effects on glyceraldehydephosphate dehydrogenase activity.
Fatty acid synthesis from glucose in rat adipose tissue results in net accumulation of cytoplasmic NADH and ATP. Flatt (15) postulated that maximum fatty acid synthesis and glucose uptake in rat adipose was limited by accumulation of cytoplasmic NADH 2 and ATP (or lack of NAD and ADP). Excessive accumulation of cytoplasmic NADH2 may not have occurred in bovine adipose cells under the present experimental conditions since oxidative decarboxylation of pymvate was low and NADH2 produced in glycolysis was largely oxidized by reduction of pyruvate to lactate and in formation of q-glycerol phosphate for intensive fatty acid re-esteriflcation.
One intriguing observation in these experiments is the high basal glucose carbon-flow through the pentose phosphate pathway in absence of acetate. Pentose phosphate pathway activity in rat adipose tissue has been controlled by the cytoplasmic NADPH2/NADP ratio (9) . Accumulation of NADH2 and ATP can inhibit glucose-6-phosphate oxidation, and elevated glucose-6-phosphate concentrations may inhibit hexokinase, thereby reducing glucose uptake (30) . Since conversion of glucose to fatty acid is limited in bovine adipose tissue, NADPH 2 cannot be rapidly consumed for reductive fatty acid synthesis in absence of acetate. Therefore, in absence of acetate, pentose phosphate pathway activity would be expected to be depressed to a low level. This did not occur. Glucose oxidation proceeding at higher rates in the presence of insulin and absence of acetate without changing oxidation pattern indicates that NADPH 2 continuously produced via the pentose phosphate pathway must transfer its electrons to NAD which can be oxidized inside mitochondria. In bovine adipose cells, acetate was converted to fatty acid in absence of glucose although at a low rate. In addition, in the presence of glucose the calculated amount of NADPtZ2 required for fatty acid synthesis from acetate was more than what could be furnished by glucose oxidation via the pentose phosphate pathway. These observations strongly suggest that trans-hydrogenation from NADH= to NADP occurs in this tissue and this process is reversible. Krebs and Veech (20) , on the theoretical chemical thermodynamic characteristics of intracellular metabolic reactions, demonstrated the possibility of a steady state equilibrium between reduced and oxidized pyridine nucleotides in mitoehondria and cytoplasm in tissues of rats. This equilibrium is accomplished by pyridine nucleotide coupled reactions involving malic enzyme. Since malie enzyme activity is low in bovine adipose tissue (17) , the pyruvate-malate shuttle, which functions in rat tissues for the generation of cytoplasmic NADPH~ and transfer of cytoplasmic reducing equivalents into mitoehondria (21) , would be limited in bovine tissue. Bauman and co-workers (5), from in vitro studies of fatty acid synthesis and comparison of enzyme activities of mammary tissues from rats, sows, and cows, suggested that reversible oxidation of isocitrate catalyzed by cytoplasmic NADP-isocitrate dehydrogenase could provide significant amounts of Fig. 12 . In this scheme, excess reducing equivalents as NADPH2 produced from the pentose pathway could be transported into mitoehondria and converted to NADH2 by an ez-ketoglutarate-isocitrate shuttle. Reverse reactions would permit transfer of mitochondrial reducing equivalents (NADH2) to cytoplasmic NADPH2. NAD-malate dehydrogenase and NADPisocitrate dehydrogenase activities are high in bovine adipose tissue. The latter ermyme increased in activity with increasing fatty acid synthesis (2, 22) . Unlike rat adipose tissue in which glueose-6-phosphate dehydrogenase and 6-phosphoglueonate dehydrogenase are the major NADPH2 producing enzymes, in bovine adipose tissue, NADP-isocitrate dehydregenase activity is several fold higher than glucose-6-phosphate and 6-phosphogluconate dehydrogenase activities (Table 6 ). These observations are also consistent with the scheme in Fig. 12 .
Effects of epinephrine on glucose and acetate metabolism are in Table 7 . Epinephrine decreased glucose oxidation to CO2 and increased its conversion to glyceride-glycerol. Conversion of acetate to fatty acid was reduced by epinephrine, but its oxidation was not affected. Oxidation pattern of specifically labeled glucose carbons (Table 8) showed that the route of glucose oxidation was shifted from the pentose-phosphate pathway to the Embden-Meyerhof pathway by epinephrine. Effects of epinephrine on glucose carbon flow and fatty acid synthesis can be explained in two alternative but not mutually exclusive ways. Epinephrine may stimulate lipolysis leading to accumulation of intracellular free ~ Medium contained glucose (1.25 mM)and acetate (2.5 mM). Incubation period was 120 rain at 38 C. Expressed as m#moles substrate converted per mg protein per hr, each value is the mean ± SEM (n=3).
b Pahnitate added at 1.447 #eq/ml in complex with albumin. c Epinephrine (10 #g per nal) produced final medium NEFA concentration of .107 #eq per ml.
fatty acids which inhibit enzymes of fatty acid synthesis and decrease pentose p athwaf activity (14, 24) . Elevated free fatty aciOconcentrations also may remove intracelhilar a-glycerol phosphate by increasing re-esterification and, thus, accelerate glucose-flow through the Embden-Meyerhof pathway.
Another possible epinephrine action is at phosphofructokinase (PFK). Denton and Randle (11) demonstrated that cyclic-AMP is the most potent activator for this enzyme in rat adipose tissue. Epinephrine, which raises intracellular cyclic-AMP concentrations, could strongly activate PFK and cause a new balance in glucose carbon flow between the pentose phosphate and Embden-Meyerhof pathways. Increased glyeeride-glycerol formation then would be secondary to the increased intracellular steady state concentrations of dihydroxyacetone phosphate and ,.-glycerolphosphate. Decrease in fatty acid synthesis from acetate could be due partly to reduced NADPH2 production from the pentose phosphate pathway. It is difficult to judge which action is the primary eause of these metabolic changes. Comparison of relative effects of a high concentration of medium palmitate (1.447 ~M/ml) and epinephrine (which produced a final medium free fatty concentration " Isolated fat cells were incubated with glucose-U-"C ( 1.25 mM) and acetate (2.5 mM). Insulin (10 munits per ml) and epinephrine (10 ~g per ml) were added separately or combined. Incubation performed at 38 C for 120 rain. Values expressed as m#moles glucose converted per hr per mg protein. Mean ± SEM (n=3).
.107 /~M/ml) indicates that epinephrine has a substantial effect on glucose metabolism not mediated through a change in intracelhilar free fatty acid concentrations. The extent of palmitate uptake by bovine adipocytes in this experiment, however, was not known.
Effects of epinephrine on glucose utilization in the presence and absence of insulin are in Table 9 . There was no apparent interaction between epinephrine and insulin in regulation of glucose utilization. 
